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31
On the 5th of October, 2011, the 47,000 tonne container ship "Rena" ran aground on the Astrolabe 32 Reef (37.540°S 176.425°E) on the approach to Tauranga Harbour (Figure 1 ). There were 1,733 tonnes 33 of oil on board the Rena, of which 1,300 tonnes were recovered before May 4th 2012 (source:
The Delft3D modelled and measured water levels for the stations used in model calibration and 135 validation were in good agreement for both models (R 2 0.96 -0.98, MAE 0.07 -0.08 m; results for 136 the 3D model are provided in Table A1 .1 and Figure 3 (thin dashed line, 3D model, thin solid line, 2D 137 model). The models predicted tidal amplitudes to within 0.03 m and predicted tidal phases for the 138 major tidal constituents (M2, N2 and S2) at sites outside Tauranga harbour and near the harbour 139 entrance to within 5 degrees. However, the models tended to under-predict the phase in the inner 140 harbour (i.e. at Omokoroa) by approximately 6 -7 degrees (Table A1. outside and inside the harbour, whereas the 3D version had lower MAE for flows around the 153 complex entrance area. As with the ADCP (calibration) site, the models captured the pattern of 154 higher ebb tide velocities at sites inside and near the harbour entrance (i.e. C2, C3 and C5; Table  155 A1.2). Modelled current direction compared very well with measured data at site C5 (MAE ebb tide 156 3.5 degrees and MAE flood tide 12.8 degrees for the 3D model (with a slightly better fit for the 2D 157 model, Figure 3) , with reasonable agreement between measured and modelled data for sites C1, C2 158 and C3 (MAE approximately 10 -14 degrees for the 3D model and slightly more for the 2D model). 159
Note that the calibration and verification sites were not established specifically for the purposes of 160 this study, and are clustered around the entrance, where the tidal currents are likely to be higher. It 161 is possible that calibration/validation would not be as successful using observations in deeper water 162 where shelf currents may be more important. 163 164 GNOME calibration and validation methods 165 GNOME (General NOAA Oil Modeling Environment) is a freely-available oil spill trajectory model that 166
simulates the movement of oil due to winds, surface currents and spreading (NOAA 2012) . The spill 167 trajectory includes both a "best guess" and a "minimum regret" solution that takes into account theuncertainty in the model inputs. GNOME is a two-dimensional Eulerian/Lagrangian model that 169 requires three major inputs: maps, movers (current, wind or diffusion) and spills. The movement of 170 the oil is calculated from the u (east-west) and v (north-south) velocity components, summed for all 171 the movers at each time step, using a 1 st -order Runge-Kutta method. 172
173
For this study, output from Delft3D for 5 th October (i.e. when the Rena grounded) to 30 th October 174 2011 was used as input in GNOME as a current mover. Currently, GNOME can only use 2D currents, 175 so in the case where the 3D model was used, surface flows from the Delft3D model output were 176 used as input to GNOME. Maps for the Western Bay of Plenty coastline were obtained from the 177 GOODS (GNOME Online Oceanographic Data Server) map generator tool 178 (http://gnome.orr.noaa.gov/goods). Hourly wind speed and direction were acquired from NIWA's 179
CliFlo service (National Institute of Water and Atmospheric Research National Climate database, 180 http://cliflow.niwa.co.nz) and applied spatially uniformly over the entire domain. 181 182 GNOME calculates diffusion of the oil (random spreading) using a simple random walk based on a 183 diffusion value (representing horizontal eddy diffusivity, and ranging from 0.1 m 2 s -1 to 100 m 2 s -1
). 184
Oil spills can be modelled as up to 10,000 Lagrangian Elements (LEs), each of which have parameters 185 assigned including location, release time, age, pollutant type, and status (floating, beached, 186 evaporated or off the map). Windage is the movement of oil by the wind, which is typically about 3% 187 of the wind speed (NOAA, 2012). Refloating in GNOME is determined by the refloat half-life, which is 188 defined as the number of hours in which half of the oil that has beached is removed by an offshore 189 wind, diffusion or raised water levels (such as an incoming tide). Additional parameters describe 190 uncertainty in the wind, current and diffusion movers, and thus control the output for the minimum 191 regret LEs. 192 193 In this study, the Rena spill was initialised using data from Maritime New Zealand that described the 194 timing and amount of oil spilled from the vessel. Some of these data consisted of estimates obtained and averaged across all locations surveyed) and ii) the maximum oil percentage cover. Data on the 213 quantity of oil removed from the beaches was insufficient to estimate the actual amount (in tonnes) 214 of oil accumulated on the shoreline, thus it was not possible to quantitatively compare GNOME 215 output (tonnes of oil accumulated on the shoreline) with SCAT data (percentage cover of oil on the 216 shoreline). However, GNOME output and SCAT data were compared to assess model accuracy with 217 respect to the timing and location of oil accumulation. Additionally, maps of oil dispersal (in the 218 water) and accumulation (on the shoreline) were provided by Maritime New Zealand that 219 summarised the SCAT and over-flight observations, which were compared with GNOME model 220 output. 221
222
The hazard associated with the Rena grounding was assessed by running 81 wind event scenarios 223 over 21 days covering a spring and neap tide. The 81 events were chosen from the range of wind 224 speeds and directions that were measured at Tauranga Airport from 1995 to 2012. Note that the 225 winds were maintained constant during the 3 week modelling period. (It was not possible to model 226 unsteady wind conditions and include all combinations that were statistically likely to occur). 227
228
GNOME model calibration results 229 230
The GNOME model was calibrated by adjusting parameters associated with diffusion, the refloat 231 half-life, model time step, uncertainty and windage ( Table 2 ). The refloat half-life was set at 12 hours 232 for the shelf model to reflect the (predominantly) sandy beaches on the open coastline (Dancuk 233 2009). Along-and cross-current uncertainty values were increased (compared to default values) due 234 to the uncertainty around the current predictions by the Delft3D model. 235
The amount of oil released, floating, beached, evaporated and dispersed, and that which had moved 237 out of the modelled area ("off map") was output from the model every 6 hours for the entire 238 simulation (Figure 4a ). The majority of the oil over most of the simulation remained floating; 239 although a significant proportion (100 tonnes or approximately 35 % of that released) evaporated or 240 dispersed within a few days. The amount of oil beached on the shoreline averaged ~10 % of the total 241 released over the entire simulation (i.e. 5 th -30 th October), although this peaked at 30 % at three 242 and ten days after release. By the end of the simulation ~40 % of the oil had travelled outside of the 243 modelled area (mostly to the north and east). The amount of oil entering Tauranga Harbour and 244
Maketu estuary was relatively small (< 5 -10 tonnes). 245
246
Results
248
Comparison of GNOME output with observations 249 GNOME model output generally compared well with observations. The amount of oil beached across 250 the entire model domain (the best estimate, not including the uncertainty solution) was output 251 from the model every 6 hours and visually compared with SCAT report data ( Figure 4b ). The GNOME 252 model predicted that oil would first reach the shoreline on 11 th October, and by 13 th October large 253 amounts of oil (~ 60 -90 tonnes) would have accumulated on the coastline. However, the model did 254 not predict the arrival of the small amount of oil which was observed to reach the shoreline on the 255 10 th October. Although it was not possible to estimate the actual amount of oil that did accumulate 256 on the shoreline based on SCAT reports which gave estimates of percentage cover, the observations 257 do indicate that the maximum oiling did occur on the 13 th October, as predicted by the model 258 October observed cf. 11 th October modelled). However, there was uncertainty around the timing 288 and amount of oil lost from the vessel in the days following the grounding (Maritime New Zealand, 289 2011), and inaccurate initialisation of the oil spill in GNOME will affect the accuracy of the simulation 290 results. When used in real-time operations, (i.e. when used to forecast, rather than hindcast), the oil-291 spill amount and extent can be initialised and updated based on over flight data (NOAA, 2012) , 292 which should improve model predictions. The GNOME model appears to over-predict the oil 293 beached on 19 th -20 th October, but SCAT reports indicate that there was beach clean-up (i.e. 294 removal of oil) in progress before and around this time. It was not possible to take removal of oil 295 from beaches into account with the GNOME model due to the uncertainty around the amount and 296 location of oil removed, which may account for the over-prediction of oiling around this time. 297
298
The oil that did beach on the shoreline was not evenly dispersed, with "hot spots" of accumulation 299 evident in the model output and in SCAT observations, for example, at Papamoa Beach, parts of the 300 western shoreline of Motiti Island, and Okurei Point (east of Maketu). Surf zone rip currents are 301 common along the sandy beaches of the Bay of Plenty coast (e.g. Stephens et al., 1999) , and these 302 can trap oil within their recirculation systems. SCAT observations indicate that the oiling along the 303 coastline from Mt. Maunganui to Maketu indeed had a patchy distribution. However, the model onlyincludes the effect of winds and tides, and does not include the effect of waves and surf-zone 305 currents, so was unable to resolve these finer scale features. 306 307
Preliminary analysis of oil spill hazard 308
The results from modelled scenarios indicate that the time taken for the first oil to reach the shore 309 varies between 14 hours and more than 20 days (Figure 7) . Oil was found to only reach shore within 310 20 days if there were onshore winds, suggesting that even relatively weak wind-driven currents may 311 provide greater forcing for oil dispersal than tidal currents in the Bay of Plenty. To test the relative 312 importance of tidal currents to determining the hazard, the Gnome scenario modelling was also 313 undertaken without the tidal currents. Interestingly, tidal currents were found to have an important 314 effect, particular during periods with low onshore winds, causing the first arrival of oil at the Bay of 315 Plenty shoreline to occur at least 3 days earlier when tidal currents were included ( Harbour. All these scenarios show that the wind conditions that occurred during the Rena grounding 335 switched between typical wind conditions which were moderately hazardous, to the extremely low 336 hazard offshore wind conditions. The wind records show that direction switches every 2-4 days (as in 337 requires a large reduction in the model time step, (3 seconds cf. 60 seconds in this study), which 359 leads to a large increase in model run times; simulations covering large areas and timespans are thus 360 rendered largely impractical. In future implementations, further consideration could be given to 361 using a variable grid resolution and more finely resolved bathymetry for areas near harbour 362 entrances, whilst retaining a coarser grid resolution offshore. 363 364 The Delft3D model was forced by tides only, so discrepancies between measured and modelled 365 velocities may be attributable to wind or swell conditions. However, preliminary simulations with 366 wind forcing included in the Delft3D model did not improve model fit, despite the inclusion in the 367 model of finely resolved vertical layers near the surface. Wind forcing was instead included in the 368 GNOME particle tracking model, which included additional parameters for windage and uncertainty, 369 and this inclusion led to improved predictions of oil dispersal and accumulation. The omission of 370 winds in Delft3D may be particularly relevant at sites away from the influence of harbour entrancesor tidal channels where tidal forcing may not be the major driver of current velocities, such as at site 372 C1. Although the Bay of Plenty coastline is a typically a low-energy wave environment (Heath 1985) , 373 it is exposed to swell from the north and north-easterly direction that may affect surface currents. 374
Inclusion of, or coupling to, a wave model would increase the complexity (and run times) of the 375 hydrodynamic model, but may improve model performance. We note that GNOME considers only 376 surface oil dispersal and not the dispersal of tarballs and other oil-mineral aggregates that travel 377 deeper in the water column, and so predicted dispersal is particularly sensitive to surface wind 378 conditions. Modelling simulations also did not include shelf currents. It is possible that the relatively 379 bathymetries and boundary files can easily be exchanged between working groups, resources could 398 be utilised much more effectively (in terms of both cost and predictive accuracy of the models), and 399 this would undoubtedly lead to improved hazard management. However, we note that using 400 multiple models to obtain similar results promotes higher levels of confidence in the modelling 401 outcomes. Stephens, S.A., Healy, T.R., Black, K.P., and de Lange, W.P. (1999 
